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Abstract

In multi-inverter parallel grid-connected systems, harmonic resonance can lead to perfor-
mance degradation and even instability. Although installing active dampers (ADs) is con-
sidered an effective approach to suppress harmonic resonance, research on the optimal
installation positions for ADs is still limited, and specific optimization methods require
further exploration. This paper proposes an AD siting strategy based on resonance modal
analysis (RMA) and node participation factor (PF) calculations. The method aims to select
the installation positions for AD by identifying the nodes that significantly contribute to
harmonic resonance, and the validity of this approach is confirmed through modal sensi-
tivity analysis. To address the challenge of conducting RMA with inverter black-box mod-
els, impedance models of the inverters are obtained through frequency scanning, and the
nodal admittance matrix of the system is established. Additionally, this method considers
the impact of changes in grid impedance on AD siting results. Finally, both simulation
and experimental results validate the effectiveness of the proposed strategy.

Keywords: active damper (AD); harmonic resonance; resonance modal analysis (RMA);
frequency scanning

1. Introduction

Scale solar, energy storage, and other new energy power stations typically adopt a
structure where multiple grid-connected inverters are connected in parallel to the point
of common coupling (PCC) [1]. However, interactions among inverters and between in-
verters and the grid can easily lead to harmonic overvoltage or even resonance instability
in parallel systems, posing significant threats to the safe and stable operation of the system
[2]. Therefore, it is crucial to effectively suppress system resonance to ensure system sta-
bility and reliability.

Resonance suppression methods for inverters have been the subject of extensive
study, with passive and active damping techniques being commonly employed. Passive
damping, which involves adding resistors in series or parallel to the inverter output filter
to increase damping [3], incurs additional power loss and exhibits poor adaptability un-
der a weak grid. Active damping methods, by contrast, generally provide additional res-
onance damping to the system by introducing a control unit into the control loop [4,5] or
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adding additional control loops [6-8]. However, these methods usually necessitate modi-
fications to the internal structure or parameters of the grid-connected inverters, rendering
them unsuitable for new energy power plants with undisclosed internal structure and pa-
rameters. Previous studies have indicated that installing active dampers (ADs) effectively
suppresses wideband oscillations [9-11]. ADs control the frequency of resonance to act as
a virtual resistor, thereby enhancing system damping at resonance frequencies and im-
proving the impedance stability of grid-connected inverter systems. This solution does
not necessitate modifications to the inverters’ control strategy or parameters, enhancing
its applicability. Typically, the PCC is considered the optimal installation position for
ADs, but there is a lack of effective theoretical proof. Current research on ADs typically
analyzes single-inverter systems or idealizes the line impedance between each parallel-
connected inverter node and the PCC. However, in large-scale new energy power plants,
significant line impedances exist, along with differences among these line impedances.
Thus, the grid-connected system’s resonance problem is influenced not only by the output
impedance of the inverter and the grid impedance but also by the line impedance. This
variability introduces more options for AD installation positions, making the determina-
tion of the optimal installation location through system resonance analysis a worthwhile
research topic.

Harmonic analysis of multi-inverter systems is commonly performed using methods
based on system transfer functions. These methods involve constructing the transfer func-
tion of the inverter’s impedance model and applying impedance analysis to assess system
stability [12-14]. Research highlighted in [15] has detailed the system’s closed-loop trans-
fer function matrix, revealing the coupling relationships between each inverter’s output
currents and the reference currents of other inverters, and examining the impact of asyn-
chronous digital control clocks on system resonance characteristics. Another study [16]
introduced a closed-loop interconnected model for multi-inverter systems, evaluating the
effect of inverter interactions on system stability by comparing the open-loop and corre-
sponding closed-loop eigenvalues and considering the role of collecting line lengths in
overall stability. However, these transfer function-based methods face difficulties in effec-
tively determining the contribution of individual nodes to harmonic resonance, providing
limited insights for optimal AD placement. Moreover, the complexity of the transfer func-
tion escalates with an increasing number of inverters, complicating the analysis.

In addition to methods based on system transfer functions, resonance modal analysis
(RMA) has received increasing attention in recent years. Building on the establishment of
the nodal admittance matrix for a multi-inverter grid-connected system, the application
of RMA enables a detailed investigation of the system’s resonance. This approach facili-
tates the extraction of resonance-related information, such as node participation factors
(PFs) [17-21], which quantify the contribution of specific nodes to the system’s resonance.
The node with the highest PF is considered the focal point of harmonic resonance in the
system. By adjusting the nodal impedance at nodes with high PFs using ADs, effective
suppression of harmonic resonance can be achieved. However, constructing the nodal ad-
mittance matrix requires knowledge of the electrical parameters of the devices connected
to each node. Inverter parameters are often confidential and inaccessible, resulting in
black-box models that hinder the direct application of RMA to analyze system resonance.

This paper proposes an AD siting strategy based on RMA. The contributions of this
paper are as follows:

(1) RMA is utilized to determine the optimal installation location of the AD in multi-
inverter parallel grid-connected systems. The node with the highest participation fac-
tor is selected as the optimal installation site for the AD, as it represents the critical
focal point of harmonic resonance in the system. Compared with conventional non-
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targeted approaches, this targeted placement significantly improves the efficiency of
resonance suppression.

(2) In response to the challenges posed by the application of RMA in systems with in-
verter black-box models, this study utilizes frequency scanning to obtain the external
characteristic impedance model of inverters. This model is then employed to con-
struct the system’s nodal admittance matrix, thereby obviating the need to develop
transfer function-based models for the inverters.

(3) This study extends the analysis to investigate the impact of grid impedance varia-
tions on AD siting results. The impact is primarily generated by the grid reactance,
with its increase leading to a decrease in resonance frequency. However, the relative
ordering of PFs among the nodes remains stable, without abrupt changes, across a
specific range of grid impedance variations. Consequently, within this delineated
range of grid impedance fluctuations, AD siting results remain unchanged.

2. AD Siting Strategy
2.1. System Description

A multi-inverter grid-connected system is illustrated in Figure 1a. The system com-
prises n grid-connected inverters, with each inverter connected to the PCC through a line
impedance. The grid is represented by a Thevenin equivalent circuit consisting of the

zZ v .
equivalent grid impedance ¢ and a voltage source #. The line impedance of the #*

inverter (i=1, 2, ..., n) is denoted as Zii . Despite the stability of individual inverter control
loops, interactions among the current control loops of the inverters can induce harmonic
resonance within the system [8]. If the line impedance of each inverter varies, the contri-
bution of inverters at different locations to harmonic resonance may differ. Therefore, tra-
ditional installation of ADs at the PCC may not achieve optimal resonance suppression
effects. Hence, this paper introduces a siting strategy designed to pinpoint the inverter
location contributing most significantly to harmonic resonance, recommending the instal-
lation of an AD at this critical position to mitigate harmonic resonance.

Figure 2 illustrates the Norton equivalent model of the multi-inverter grid-connected
system shown in Figure 1a. In this depiction, Node 1 is exemplified as the installation
position for the AD, and both the inverter and the AD are represented using Norton equiv-

alent circuits. * and % represent the equivalent current source and output imped-
ance of the #1 inverter, respectively, while L, aa and Zai denote the equivalent cur-

rent source and output impedance of the AD. Laa i designed to follow the fundamental
current reference, aiming to stabilize the DC-link capacitor voltage by controlling the fun-
damental current. In this paper, the control method for the AD is shown in Figure 1b [10].
The control principle of the AD is similar to that of the resistor active power filter (R-APF)

[11], aiming to synthesize a virtual resistor R, at harmonic frequencies by controlling
the harmonic components of its output current in proportion to the voltage’s harmonic
components at the node where it is parallel-installed. If the current loop gain of the AD is
Z,=R

ad

sufficiently large or the virtual resistor control loop is adjusted, v can be achieved

[9]. Thus, the AD can provide active damping resistance at the harmonic frequency. The

impedance model of the AD in this paper is equivalently represented as Ry for analytical
convenience.
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Figure 1. System topology and control diagram of the multi-inverter grid-connected system: (a) To-

pology of the multi-inverter parallel grid-connected system. (b) Control block diagram of the AD.
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Figure 2. Norton equivalent model of a multi-inverter grid-connected system.

2.2. Siting Strategy Based on RMA

The RMA method analyzes system harmonic resonance based on the nodal admit-
tance matrix. By calculating PFs for each node, the contribution of each node to the sys-
tem’s harmonic resonance can be assessed, and the node with the highest PF can be iden-
tified as the center of the system’s harmonic resonance [19,20]. Accordingly, this paper
employs RMA to analyze resonance in the system and to identify the optimal installation
position for the AD. The fundamental analytical procedure of the RMA is described be-
low.

The relationship between the voltage and current at each node can be described
through the nodal admittance matrix Y at a specified frequency f, denoted as [18]

U=YI 1)

where U and 1 represent the nodal voltage matrix and nodal current matrix, respec-
tively. If the system experiences resonance at frequencies where Y approaches singular-
ity, significant values will be present within ¥ ~'. This condition results in specific ele-
mentsin U being relatively large, indicating overvoltage at corresponding nodes [19].

RMA essentially transforms (2) from its original physical coordinate system into the
modal coordinate system. Firstly, to investigate the singularity of Y, perform eigenvalue
decomposition, yielding

Y =LAT )

where 4 is a diagonal matrix of eigenvalues; L and T represent the left and right ei-

. . . T .
genvector matrices, respectively, with L=7T" _Forn+1nodes, L iscomposed of column

eigenvectors g ey l"*', and T is composed of row eigenvectors 4 S eny Ly . Substitut-

ing (3) into (2) yields
V=aA"J. ®)

V(=TU) J(=

and ) represent the modal voltage and current vectors, respectively.

Here, the elements Vi and Ji (k =1, 2, .. n+ 1) represent the linear mappings of
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nodal voltage and nodal current along the K th eigenvector direction. Therefore, for the

system depicted in Figure 1a, (1) can be expressed in modal coordinates as (3), denoted as
v, 21—1 0 --- 0 J,
v, B 0 ,12—1 e 0 J,

)
Vn+1 0 0o - /?',,H_l Jn+l

By transforming the system of equations from the original physical coordinate sys-

tem to the modal coordinate system, decoupling them into a set of independent equations

facilitates the identification of the frequency and amplitude of each resonance mode in the

system. The inverse of the kth eigenvalue Z is defined as the modal impedance Zk
When “k exhibits a resonance peak, even a small value of Ji may result in a signifi-
cantly large modal voltage Vi . Notably, since 4 is a diagonal matrix, Z only influ-

ences the corresponding modal voltage Vi , without affecting other modal voltages.
Hence, by evaluating the magnitudes of modal impedances, the locations of system reso-
nance can be identified.

At the point of system resonance, a critical mode € (¢ €(J, ..., n + 1)) emerges, char-

acterized by its modal impedance Ze reaching a maximum value at the resonance fre-
quency, significantly surpassing the modal impedances of other modes. Consequently,
according to (2) and the definition of modal impedance, (1) can be represented by the
modal impedances and eigenvectors for each mode, with the resonance condition being

simplified through the critical mode at the resonance frequency, as shown in (5).
n+l

U=zl t,I~zltI=zS.1. (5)
k=1
where S represents the PF matrix corresponding to the critical mode ¢ . From (5), it

can be observed that the elements in ¢ illustrate the varying degrees of influence that
currents at different nodes exert on the voltage at a specific node. Additionally, the ele-

mentsin ¢ reflect the sensitivity of nodal admittance elements to the critical eigenvalue

A [22], with the corresponding relationship expressed as
. dA
S, (l,]):—ay(; l.):licth' (6)

For Node K , the PF of critical mode ¢ is defined as PF, =S, (k.k)

(3), it can be seen that the left and right eigenvectors represent, respectively, the excitabil-
ity and observability of the critical mode ¢ ateachnode [19]. Therefore, the PF combines
excitability and observability into a unified index, representing the risk of resonance oc-

. According to

currence at the node. Assuming that the AD is paralleled at Node k, only the element
Y(EK) in Y is modified, expressed as

Y(k,k)z(Gkk +RLj+jBkk. @)

4

G, 1 B, ¢ Y(kK)

and represent, respectively, the real and imaginary components o

before adding the AD, representing nodal conductance and susceptance, respectively.

Equation (7) illustrates that the AD contributes to damping by increasing G However,
the effect of different installation nodes on the peak impedance of the critical mode varies.
To quantitatively analyze these differences, this paper utilizes the modal sensitivity of
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nodal conductance to reflect the relationship between nodal conductance and the magni-
tude of critical eigenvalues. The modal sensitivity of the nodal conductance for the critical
mode is calculated as

a|2VC| _ a|ﬂ’c| a|ﬂ’c|2 _ PFkC,R/lc,R +Pch,I/16,I
9G, J|Af G, p)

(&

8)

where the subscripts R and / represent the real and imaginary parts of the complex
variables, respectively. Due to the fact that the imaginary part of the PF and the resonance

modal impedance can be considered close to zero [23], the modal sensitivity of nodal con-

ductance can be expressed by the PF, specifically, 9|%|/ 3G, = PF,

. Therefore, installing
the AD at the node with higher PF results in better suppression of modal impedance.
Hence, this paper employs PFs for each node as the basis for AD siting, selecting the node
with the highest PF as the installation location for the AD.

However, for new energy power stations with modularly designed internal struc-

tures and undisclosed parameters, inverters constitute black-box models, meaning the

output impedance Zi of the inverters cannot be obtained through conventional theoret-
ical modeling. This limitation precludes the direct application of modal analysis methods
for resonance analysis of the system.

To address this challenge, this paper introduces a method for constructing the nodal
admittance matrix based on the frequency scanning data of the inverter impedance, facil-
itating RMA of the system and aiding in the siting of AD. This approach enables RMA
without the need for transfer function-based models of the inverters. The fundamental
process of the AD siting strategy is illustrated in Figure 3. Initially, voltage or current per-
turbations within a specific frequency range are injected into the output ports of the grid-
connected inverter while it is offline. The external characteristic impedance of the inverter
is then calculated using Fourier analysis based on the harmonic frequency response [24].
Subsequently, the system’s nodal admittance matrix is established, followed by RMA.
Based on the outcomes of the RMA, the node with the highest PF is selected as the instal-
lation position for the AD.

System modeling based on frequency sweep

I
I

- - - I
: Frequency scanning curves of Nodal admittance matrix I
o . B |
: inverters” impedance of the system |

Resonance Modal Analysis

[
I |
: Critical Modal . | :
! mode || impedence E1genv§1 e '
: P decomposition at I

: |
! Teft and right s !
| PF . frequencies '
| eigenvectors !

Select the installation position of AD

I
The node with the highest PF of the critical mode is :
selected as the optimal installation position of AD :

Figure 3. Flow diagram of the AD siting strategy.

3. Case Study

It is known that multi-inverter parallel systems and dual-inverter parallel systems
exhibit similar resonance characteristics [19,20]. Consequently, for the sake of analysis, a
dual-inverter setup is adopted as a representative model to explore the system’s resonance
characteristics, rather than employing a more complex multi-inverter configuration. Gen-
erally, the circuit parameters and control settings of inverters in a power station remain

https://doi.org/10.3390/en19153515
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largely consistent, but the length of the collecting line may vary. Table 1 presents the in-
verter parameters, grid impedance, and two variants of line impedance parameters within
a dual-inverter system.

Table 1. System parameters.

Parameter Symbol Value
Grid voltage Ve 220V
Inverter dc voltage Ve 1080 V
Filter inductance L 3mH
Filter capacitor C 274 uF
Line impedance 1 Zi1 (Rig, Lig) 0.8 mQ), 0.174 mH
Line impedance 2 Z12 (Riz, Li2) 17 mQ, 0.348 mH
Grid impedance Zs (Rg, Lg) 5 mQ, 0.02 mH

3.1. AD Siting for Case Study

In alignment with the AD siting procedure outlined in Figure 3, the initial phase en-
tails conducting offline frequency scanning to assess the inverter’s impedance. Figure 4
presents the outcomes of frequency scanning conducted on the output impedance of a
single inverter.

For the dual-inverter configuration model, based on the frequency scanning data ob-
tained for the inverter output impedance and the node numbering set in Figure 1, the
system admittance matrix is derived according to (1) and shown in (9). RMA is then per-
formed, and the results are illustrated in Figure 5. As seen in Figure 5, both Mode 2 and
Mode 3 exhibit resonance, with resonance frequencies identified at approximately 700 Hz
and 500 Hz, respectively.

1 1 1
_—— ... 0 0 -
Z Z, Z
1 1 1
0 e —— 0 —
Y= Zoy Ziya Zi 9
1 1 1
0 0t ——
Zn Zl,n Z],n
N B B I
Zl,l Zl,n—l Zl,n i=1 Z[,i Zg |

Subsequent calculations of the PFs for each node in relation to the critical mode, as
specified in (6), are displayed in Table 2. From Table 2, it is evident that the critical nodes
for the resonance frequencies of 700 Hz and 500 Hz are Node 1 and Node 2, respectively.
Consequently, following the AD siting strategy illustrated in Figure 3, an AD is recom-
mended to be installed at Node 1 to mitigate the resonance at 700 Hz and at Node 2 to
suppress the resonance at 500 Hz. Additionally, the modal sensitivity of the nodal con-
ductance for the critical mode was calculated according to (8), and the results are shown
in Table 3. The conductance sensitivities in Table 3 are approximately equal to the PFs in
Table 2, validating the reasonableness of AD siting based on the PFs.

Table 2. Nodal PFs under critical modes.

Frequency/Hz Node 1 Node 2 Node 3
700 (Mode 2) 0.979 0.013 0.008
500 (Mode 3) 0.012 0.984 0.004

https://doi.org/10.3390/en19153515
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Table 3. Sensitivity of node conductance.

Frequency/Hz Node 1 Node 2 Node 3
700 (Mode 2) 0.969 0.013 0.008
500 (Mode 3) 0.013 0.980 0.004

Figure 6a,b present the RMA results when an AD is installed at Node 1 and Node 2,
respectively. Three typical values of R, ,1.e., 50 Q, 30 Q, and 10 O, are adopted for para-

metric analysis. Comparison with the results from Figure 5 reveals that, with R, _50 @
, the amplitude of the modal impedance for Mode 2 in Figure 6a decreases from 127.7 £2

to36.5 2. Moreover, as the setting of R, decreases, the attenuation of the modal imped-

ance amplitude for Mode 2 increases. Figure 6 only reflects this tendency that smaller R,
yields a better damping effect, which demonstrates that the damping performance is sen-

sitive to the variation in v, However, the reduction in the modal impedance amplitude

for Mode 3 is not as pronounced. As shown in Figure 6b, the modal impedance amplitude

for Mode 3 decreases from 55.7 W to 26.6 €2, and as the setting of R, decreases, the at-
tenuation in the modal impedance amplitude for Mode 3 increases, whereas the reduction
in the modal impedance amplitude for Mode 2 is less noticeable. These observations in
Figure 6 indicate that the capability of the AD to suppress the amplitude of the critical
modal impedance aligns with the PF and modal sensitivity distribution across the nodes,
validating the effectiveness of AD siting based on the PFs.

40 T T

20 F §

Magnitude (dB)
(=]
T
1

100 / -

!
\

Phase (deg)

-100 + s e e—

_200 1 1
10! 10° 10° 10*
Frequency (Hz)

Figure 4. Impedance measurement results of a single inverter.
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Figure 5. Modal impedance of the dual-inverter system.
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Figure 6. Modal impedance variations upon AD installation at various nodes: (a) at Node 1 and (b)
at Node 2.

3.2. Impact of Grid Impedance Variations

The paper further explores the influence of grid impedance variations on the siting

results. Utilizing the data from Table 1, the values of L and R, are sequentially varied
within a certain range. Given the typically static layout of power station systems, it is as-
sumed that the inverter line impedances remain constant. Under these conditions, PFs of
nodes at the resonance frequency are calculated by RMA, as shown in Figure 7.

Mode 2-Node 1
Mode 2-Node 2

Mode 2-Node 1
Mode 2-Node 2
Mode 2-Node 3
Mode 3-Node 1
~——Mode 3-Node 2
—>—Mode 3-Node 3

Mode 2-Node 3
Mode 3-Node 1
~—Mode 3-Node 2
>—Mode 3-Node 3

&
&

> >
Q> »&Q'

@) (b)

L R
Figure 7. Results of RMA with varying grid impedance. (a) €.(b) ¢.

Figure 7a shows that as Lg increases, both Mode 2 and Mode 3 shift towards lower
frequencies, with the resonance frequency of Mode 3 experiencing a notably larger change
than that of Mode 2. The PFs of the two modes change smoothly without abrupt varia-
tions. Additionally, the order of magnitudes for Nodes 1 and 2 in both modes remains
unchanged, indicating that the siting results remain unchanged. Figure 7b demonstrates

that with an increase in R, , there are no significant changes in either the resonance fre-
quency or the PFs of nodes.

These observations show that the impact of grid impedance variations on the reso-
nance frequency and PFs is mainly caused by grid reactance. Specifically, grid reactance
has a more pronounced effect on critical modes with lower resonance frequencies than on
those with higher frequencies. Moreover, for power station systems with a stable line lay-
out, the siting results remain relatively stable within a specific range of grid impedance
variations, with no abrupt changes observed.

4. Hardware-in-the-Loop Simulation Verification

As shown in Figure 8, a hardware-in-the-loop (HIL) simulation platform based on
RT-LAB was established to evaluate the positions of AD as determined in Section 3. The
multi-inverter grid-connected system is composed of an AD control box and a dual-in-
verter control box based on the 28377DSP. The simulation parameters for this system are
presented in Table 1.

https://doi.org/10.3390/en19153515
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Active Damper

Figure 8. HIL simulation platform.

4.1. RMA Verification

To validate the accuracy of the resonance frequency identification results and the
correctness of the nodal PF calculations using the RMA, harmonic currents were injected
into the three nodes. The injected harmonic currents contained frequencies of 500 Hz and
700 Hz. Figure 9 presents the FFT analysis results of the voltage at each node under these
two scenarios.

As shown in Figure 9a, after injecting harmonic current into Node 1, a significant
harmonic voltage around 700 Hz is observed at Node 1, while no significant harmonics
are present in the voltages of other nodes. This result indicates that the 700 Hz harmonic

current injected into Node 1 uniquely excites the corresponding resonance peak in U, ,
identifying Node 1 as the critical node for the 700 Hz resonance frequency. As shown in
Figure 9b, after injecting harmonic current into Node 2, a significant harmonic voltage
around 500 Hz is observed at Node 2, while no significant harmonics are present in the
voltages of other nodes. This result indicates that the 500 Hz harmonic current injected

into Node 2 uniquely excites the corresponding resonance peak in v , identifying Node
2 as the critical node for the 500 Hz resonance frequency. In Figure 9¢c, none of the three
nodes show significant harmonic voltages, indicating that Node 3 has a low PF for both
the 500 Hz and 700 Hz harmonic resonances. These simulation results corroborate the PF
calculations in Table 2, thereby verifying the effectiveness and accuracy of the RMA.
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Figure 9. Harmonic spectra of nodal voltages after injecting harmonic currents at different nodes:
(a) Injected at Node 1. (b) Injected at Node 2. (c) Injected at Node 3.

4.2. Verification of Siting Strategy Effectiveness

To illustrate the impact of the installation position of the AD on the suppression of
critical modes, the simulation scenario corresponding to Figure 9a is used as an example.
ADs were installed at the three nodes, and the simulation results are shown in Figure 10,

with & setto2 Q. Asshown in Figure 10a, the harmonic voltage amplitude around 700
Hz at Node 1 significantly decreases from 10.60 V in Figure 9a to 1.68 V. However, in
Figure 10b,c, there are no significant changes in the harmonic voltage spectra compared
to Figure 9a. These results indicate that Node 1, identified as the critical node for the 700
Hz mode, effectively suppresses the 700 Hz harmonic voltage when an AD is installed at
this node. This demonstrates that, compared to the traditional method of installing ADs
at Node 3, the AD siting strategy based on resonance mode analysis can accurately iden-
tify critical nodes for harmonic resonance and achieve better suppression of harmonic res-
onance.
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Figure 10. Harmonic spectra of nodal voltages with AD installation: (a) Installed at Node 1. (b) In-
stalled at Node 2. (c) Installed at Node 3.

4.3. Impact Verification of Changes in Grid Impedance

Due to the significant impact of grid impedance on Mode 3, as shown in Figure 7,
and with Node 2 identified as the critical node for Mode 3, additional simulations were
designed based on the scenario in Figure 9b to verify the impact of grid impedance on the
siting results.

On one hand, L; was increased to 20 p.u., and harmonic current was injected into
Node 2. Considering that the resonance frequencies of Mode 3 and Mode 2 are 300 Hz and
600 Hz, respectively, as shown in Figure 7, the injected harmonic current contained har-
monics at 300 Hz and 600 Hz. The simulation results, including cases without AD instal-
lation and with ADs installed at each of the three nodes, are shown in Figure 11. As shown

https://doi.org/10.3390/en19153515



Energies 2026, 19, 3515

12 of 17

U U,

in Figure 11a, ~! and exhibit significant harmonic voltages around the 300 Hz and

600 Hz frequencies, with the amplitude relationships consistent with the PFs in Figure 7a.
Due to the increased PF of Node 3 in Mode 3, Us also shows harmonic voltage around

300 Hz with an amplitude close to U\, Unlike Figure 10, where different installation po-
sitions show significantly different resonance suppression effects, the results in Figure
11b-d indicate that installing ADs at any of the three nodes can effectively suppress reso-
nances, with Node 2 showing the best suppression effect for harmonic voltage around 300

L
Hz. The reason for this is that the difference in PFs among nodes decreases when ¢ is
20 p.u., and Node 2 remains the critical node for Mode 3.

0 —U—U Uy 1kH7 [0Hz —U,—0 Us 1kHZ
14 : 14V .
ﬂ I il
N.’J W\V‘\’A_A_’».A.J . : — ‘L/ “v«,\m_.__«j‘ ,g
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© ) @ <

L
Figure 11. Harmonic spectra of nodal voltages with changes in ¢ : (a) Without AD. (b) AD in-
stalled at Node 1. (c) AD installed at Node 2. (d) AD installed at Node 3.

On the other hand, ¢ was increased to 20 p.u., and harmonic current was injected

into Node 2. Considering that changes in R, have little effect on modal resonance fre-
quencies, as shown in Figure 7, the injected harmonic current contained harmonics at 500
Hz and 700 Hz. The simulation results, including cases without AD installation and with
ADs installed at each of the three nodes, are shown in Figure 12. Similar to Figure 9b,
Figure 12a shows that only Node 2 exhibits significant harmonic voltages around 500 Hz,

R
demonstrating that the distribution of PFsat ¢ of 20 p.u. is basically the same as that at

R, of 1 p.u. Additionally, the results in Figure 12b—d indicate that only Node 2 effectively
suppresses harmonic voltages around 500 Hz, further confirming that Node 2 is the criti-
cal node for the 500 Hz resonance frequency. These simulation results are consistent with
the analysis results in Figure 7.
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Figure 12. Harmonic spectra of nodal voltages with changes in ~ ¢: (a) Without AD. (b) AD in-
stalled at Node 1. (c) AD installed at Node 2. (d) AD installed at Node 3.

5. Experimental Validation
5.1. Construction of Experimental Platform

Experimental verification is implemented based on the topology structure shown in
Figure 1. To further verify the engineering practicability of this configuration and validate
the theoretical analysis and control strategy proposed in this paper, a physical experi-
mental platform for a multi-inverter grid-connected system is constructed. The hardware
composition and parameter settings of the experimental topology are illustrated in Figure
13.

The platform consists of two inverters and one active damper, as well as the corre-
sponding control system and electrical wiring. Parameters are different from the above
HIL simulation setup, and detailed values are provided in Table 4. Identical controller
parameters are configured for the two inverters. The power supply system of the experi-
mental platform comprises a DC power source and an AC power supply (PRE2009S). The
control system of the active damper is realized based on the RTU-BOX206 real-time digital
controller.

Figure 13. Overall photo of the experimental platform.

Table 4. Experimental parameter settings.

Parameter Value Parameter Value
Inverter dc voltage Vi 300V PCC voltage Ve 147V
Rated active power Px 12 kW  Switching frequency fs 10 kHz
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Fundamental frequency fi 50 Hz Filter capacitor C 20 uF
Filter inductance L 10 mH Grid inductance L; 5mH
Line inductance 1 Lix 2 mH Line inductance 2 Li> 3mH

5.2. RMA Analysis

Based on the proposed siting strategy and the node numbering defined in Figure 1,
the system modal impedances are calculated, and the results are illustrated in Figure 14.
It can be seen that resonant peaks appear in both Mode 2 and Mode 3, with corresponding
resonant frequencies of approximately 750 Hz and 300 Hz, respectively. Accordingly, the
750 Hz and 300 Hz resonant frequencies are selected for analysis in this experimental case.

80 Mode 1
— 67.6
% 46.5 Mode 2
é 60 |- f Mode 3
2
S 40
£
20
s

0 4 i l 1 ]

0.0 03 05 075 1.0 1.5

Frequency(kHz)
Figure 14. Experimental system modal analysis results.

The node participation factor corresponding to each node is further calculated, and
the results are summarized in Table 5. Node 2 and Node 1 are identified as the critical
nodes corresponding to 300 Hz and 750 Hz resonances, respectively. In accordance with
the siting strategy for ADs, an AD is supposed to be arranged at Node 2 to suppress the
300 Hz resonance, while another AD is deployed at Node 1 for the suppression of the 750
Hz resonance.

Table 5. Node participation factors of the experimental system.

Frequency/Hz Node 1 Node 2 Node 3
300 (Mode 3) 0.3418 0.4162 0.2423
750 (Mode 2) 0.5385 0.4428 0.0199

5.3. Siting Strategy Analysis

To verify the analytical results of the siting strategy on system resonance character-
istics, the inverter is adopted to inject 300 Hz and 750 Hz harmonic currents with an am-
plitude of 2% rated current into Node 1, and the harmonic voltage responses of each node
are measured and observed. Figure 15 illustrates the time-domain voltage waveforms of
all nodes as well as their FFT analysis results. It can be observed from the figure that when
harmonic currents are injected at Node 1, prominent 300 Hz and 750 Hz harmonic volt-
ages emerge at the three nodes, and these harmonic frequencies correspond to Resonance
Mode 3 and Resonance Mode 2, respectively. The above results demonstrate that Node 1
and Node 2 are the critical nodes for Mode 2 and Mode 3, respectively, which verifies the
accuracy of the RMA analysis.

Using Node 1, the critical node of Mode 2, as an example, ADs were installed at Node
1 and Node 3 to evaluate the influence of installation location on resonance suppression
performance. Based on the experimental setup shown in Figure 13, ADs were connected

in parallel at Node 1 and Node 3. The Ry of the active damper was set to 10 Q in both
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resonance frequency bands. Figure 16a,b present the voltage waveforms and correspond-
ing FFT analysis results of all nodes under these two installation scenarios. Compared
with the results in Figure 15, the harmonic voltage amplitudes at all nodes in Figure 16a,b
are significantly reduced, demonstrating the effectiveness of the active damper in mitigat-
ing harmonic resonance. Since the participation factors of Node 1 and Node 3 in Mode 3
are relatively close, the suppression performance of the active damper on the 300 Hz res-
onance is similar in both cases. Nevertheless, the harmonic voltage amplitudes in Figure
16a remain slightly lower than those in Figure 16b. In contrast, Node 1 is identified as the
critical node of Mode 2. Therefore, when the AD is installed at Node 1, the harmonic volt-
age amplitude at 750 Hz is substantially lower than that obtained when the AD is installed
at Node 3. This result indicates that the conventional practice of installing ADs at the PCC
is not necessarily the optimal solution for harmonic resonance mitigation. Consequently,
the necessity of the proposed siting strategy is further validated.

20ms/div

U, 160V/div U, 100v/d¥ — U, Toov/div

0Hz 1.000kHz

12|gov ?:m.s.s,os.
/m 75,4.21)
Po 75,1.88)
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Figure 15. Experimental results of node voltages without the AD.
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Figure 16. Experimental results of node voltages after connecting the AD: (a) Node 1. (b) Node 3.
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6. Conclusions

An AD siting strategy based on RMA is proposed in this paper. This method utilizes
the RMA to identify the system’s resonance frequencies and calculate the PFs of various
nodes. The node with the highest PF at the resonance frequency is identified as the posi-
tion contributing the most to harmonic resonance in the system, representing a primary
position where the system is prone to resonance. Experiments have validated that in-
stalling the ADs at these identified nodes enables effective suppression of harmonic reso-
nance. The results also indicate that the PCC, which is typically considered the AD instal-
lation position, is not always the optimal location.
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The frequency scanning method provides a feasible approach for constructing the
admittance matrix of a system with unknown parameters. Furthermore, simulation results
indicate that variations in grid impedance affect resonance frequencies and PFs predomi-
nantly due to the reactance component. However, for power station systems where the
line layout remains stable, the selection of installation sites for AD exhibits relative stabil-
ity within a specific range of grid impedance changes, without abrupt changes.
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